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ENZYME CONTROL OF SPHERE-ROD MORPHOGENESIS
IN ARTHROBACTER CRYSTALLOPOIETES

CHAPTER I
INTRODUCTION

The study of biochemical differentiation includes
the problem of correlating enzymes and the products of
enzyme action with morphological changes during develope-
ment. It attempts to explain differentiation in terms
of the gradual establishment of specific enzyme pat-
terns and in terms of the sequential accumulation of
substrates and products finally found in the char-
acteristic cell types of the mature organism.
Biochemical differentiation will be broadly defined as
the intrinsic developement of alterations in the
enzymatic activities of a cell (58).

Arthrobacter crystallopoietes is a bacterium which

undergoes sphere-rod morphogenesis. Its life cycle consists
of the germination of coccoidal cells followed by a period
of rod-developement. This in turn is followed by cross-
septum formation, rod-fragmentation, and eventual production
of new coccoldal cells.

The advantage of using A. crystallopoietes as a

tool for studying cellular differentiation is that

Arthrobacter has a relatively simple life cycle. In addi-

tion, the life cycle is synchronous, can be completed within

1
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30 hrs, and is subject to manipulation by a variety of dif-
ferent compounds. Therefore a study was undertaken to
determine, in part, the enzymatic control of sphere-rod
morphogenesis.

As a result of determination of changes in enzyme
activities of A. crystallopoietes, and their association
with changes in intracellular metabolism, a model has been
proposed to explain on a molecular level some of the events

believed to be occurring during sphere-rod morphogenesis.




CHAPTER II

MATERTALS AND METHODS

Organism. Arthrobacter crystallopoietes ATCC 15481

was grown at 30 C on two types of media, depending upon the
type of experiment conducted. For enzyme kinetic measure-
ments, a complete medium was used containing the following
per liter: yeast extract, 2.5 g; tryptone, 5 g; glucose,

1 g3 agar, 30 g; pH 7.0. TFor measurements in changes of
specific activity of enzymes and metabolites as a function

of the life cycle of Arthrobacter, a glucose-minimal salts

(GMS) medium plus succinate was employed. The composition
of the medium was previously described by Ensign and
Wolfe (19).

A 48 hr culture of Arthrobacter was used for the

initiation of all experimental work.

Preparation of cell-free extracts. Cells were

harvested and washed twice in 0.05 M tris (hydroxymethyl)-
amino-methane (Tris)-chloride (pH 7.6). The washed cells
were suspended in four times their weight of the same
buffer and disrupted by sonic treatment (Blackstone model

SS-2C) for 10 min at 4 C.
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The crude extract was centrifuged at 30,000 x g for
30 min at 4 C, and the supernatant used for enzymatic assays.

Protein was measured by the method of Lowry et al. (34).

Enzyme Assays

A1l assays were carried out at 25 C, and enzyme
activities measured on a Gilford model 2000 recording
spectrophotometer. One unit of enzyme activity was defined
as an optical density change of 0.001/min. All coupling
enzymes employed were checked to be sure they wvere not con-
taminated with the enzymes under investigation.

Fructose~1,6-diphosphatase [D-fructose-1,6-

diphosphate 1-phosphohydrolase; EC 3.1.3.11]. The methed of
Rosen et al. (41) was employed. Fructose-6-phosphate pro-
duced in the reaction was converted to glucose-f6-phosphate
by adding excess phosphohexoisomerase. The resulting
glucose-6-phosphate was oxidized by adding excess glucose-6-
phosphate dehydrogenase and NADP, The reduction of NADP
measured spectrophotometrically at 340 nm was proportional
to the disappearance of fructose-1,6-diphosphate.

NADP isocitrate dehydrogenase [threo-D-isocitrate:

NADP oxidoreductase (decarboxylating); EC 1.1.1.42]. The
method of Baldwin and Milligan (4) was used in which the

reduction of NADP by isocitrate was followed spectrophoto-
metrically at 340 nm. The reverse reaction, oxidation of
NADPH by o&-ketoglutarate, was also measured spectrophoto-

metrically at 340 nm.
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Malic enzyme [L-malate: NADP oxidoreductase

(decarboxylating); EC 1.1.1.40]. Reduction of NADP by
malate was measured spectrophotometrically at 340 nm (35).

Lactate dehvdfogenase [L-lactate: NAD oxidore-

ductase; EC 1.1.1.27]. Oxidation of NADH by pyruvate was
measured spectrophotometrically at 340 nm (39).

Phosphofructokinase [ATP: D-fructose-6-phosphate

1-phosphotransferase; EC 2.7.1.11]. The method of Ling

et al. (33) was employed. To detect production of
fructose-1, 6-diphosphate, excess aldolase, triose phosphate
isomerase, a-glycerophosphate dehydrogenase, and NADH were
added to the reaction mixture. Phosphofructokinase activity
was proportional to the rate of oxidation of NADH measured
spectrophotometrically at 340 nm.

Glucose-6-phosphate dehydrogenase [D-glucose=-6-

phosphate: NADP oxidoreductase; EC 1.1.149]. Reduction of
NADP by glucose-6-phosphate was measured spectrophotometric-
ally at 340 nm (32).

Phosphoglucomutase [ -D-glucose-1, 6-diphosphate:

a-D-glucose-1-phosphate phosphotransferase; EC 2.7.5.1].
The procedure of Baldwin and Milligan (4) was followed.
Substrate glucose-1-phosphate was converted to glucose-6-
phosphate, which was detected by adding excess NADP and
glucose-6~-phosphate dehydrogenase to the reaction mixture

and measuring the rate of reduction of NADP
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spectrophotometrically at 340 nm. The rate was propor-
tional to the enzyme activity.

Pyruvate kinase [ATP; pyruvate phosphotransferase;

EC 2.7.1.40]. The method of Valentine and Tanaka was used
(51). Phosphoenolpyruvate was converted to pyruvate in the
presence of eXcess lactate dehydrogenase and NADH. Oxidation
of NADH measured spectrophotometrically at 340 nm was pro-
portional to the activity of pyruvate kinase.

Isocitrate lyase [threo-D-isocitrate glyoxylate-

lyase; EC 4.1.3.1]. Activity was measured by the method of
Dixon and Kornberg (17) in which glyoxylate produced from
isocitrate reacts with phenylhydrazine to form glyoxylic acid
phenylhydrazone. The reaction rate was measured spectro-
photometrically at 324 nm.

Malate dehydrogenase [L-malate: NAD oxidoreductase;

Ec 1.1.37]. Oxidation of NADH by oxalacetate was measured
spectrophotometrically at 34Onm (23).

Aconitase [Citrate (isocitrate) hydro-lyase; EC
4.2.1.3]. The method of Hanson and Cox (22) was emploved
whereby substrate isocitrate was converted to cis-aconitate;
the reaction was followed spectrophotometrically at 240 nm,

Fumarase [L-malate hydro-lyase; EC %.2.1.2]. The
method of Hanson and Cox (22) was used in which the con-
version of malate to fumarate was measured spectrophoto-

metrically at 240 nm.
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Phogsphohexoisomerase [D-glucose-6-phosphate ketol-

isomerase; EC 5.3.19]. The method of Slein (44) was em-
Ployed whereby fructose-6-phosphate was converted to
glucose-6-phosphate in the presence of excess NADP and
glucose-6-phosphate dehydrogenase. Reduction of NADP by
glucose-6-phosphate, measured spectrophotometrically at
340 nm, was proportional to the activity of phosphohexoiso-
merase.

Glutamate dehydrogenase [L-glutamate: NADP oxi-

doreductase (deaminating); EC 1.4.1.4]. The method of
Strecker (45) was used in which reduction of NADP by
glutamate was measured spectrophotometrically at 340 nm.

PEP carboxykinase [ITP: oxaloacetate carboxy-lyase;

EC 4.1.1.32). The method of Chang and Lane (12) was em-
ployed. In the presence of excess pyruvate kinase, lactate
dehydrogenase, and NADH, conversion of OAA to PEP was pro-
portional to the oxidation of NADH as measured spectrophoto-
metrically at 340 nm.

Alanine o-ketoglutanate transaminase [L-alanine:

2-oxoglutarate amino transferase; EC 2.6.1.2]. The pro-
cedure of Rowsell (42) was used in which alanine was trans-
aminated to pyruvate in the presence of excess lactate
dehydrogenase and NADH. The rate of transamination was
proportional to the oxidation of NADH as measured spectro-

photometrically at 340 nm.
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PEP synthase. The method of Berman et al. (8) was

employed. Disappearance of pyruvate was measured spectro-
photometrically at 324 nm in the presence of excess phenyl-
hydrazine.

Lipase. Activity was measured in the presence of
substrate, Ediol, according to the method of Okuda and

Fujii (36).

Phosphofructokinase Purification

Phosphofructokinase was isolated from A. crystal-
lopoietes by 10 min sonication in 0.05 M Tris-HC1l buffer,
pH 8.0, at 4+ C. The disrupted cells were centrifuged at
20,000 x g for 30 min at 4 C. All the following procedures
were carried out at 4 C. The supernatant was treated with
Streptomycin sulphate (0.4 g/ml) to remove nucleic acids and
centrifuged at 20,000 x g for 20 min. The pellet was dis-
carded and the supernatant was brought to 50% saturation by
addition of solid (NHy),SOy. The precipitated enzyme was re-
moved by centrifugation at 20,000 x g for 20 min and re-
suspended in 0.05 M Tris-HC1 buffer, pH 8.0. The enzyme,
purified five-fold, was then dialyzed for 12 hr against
0.05 M Tris-HC1 buffer, pH 7.5. In addition, all coupling
enzymes were dialyzed for 12 hr against 0.05 M Tris-HC1
buffer, pH 7.5, to remove (NHy)»SOy.
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Metaboiite Determination

Free fatty acid determination. Quantitation of free

fatty acids from cell-free extracts was done according to
the procedure of Okuda and Fujii (36).

Glutamate determination. Glutamate in the free aminc

acid pool was detected by the method of Hittle (24).

Radicactivity Studies

Permeability of A. crystallopoietes to exogenous

glucose. Cells were harvested from a glucose-minimal salts
(GMS) medium plus 0.3% succinate at three stages of growth;
rod-formation (12 hr), rod-fragmentation (19 hr), and coc-

coidal growth (30 hr). The cells were washed and suspended
in 18 ml of GMS medium containing 1.0 mM glucose. Cellular
turbidity was measured at 420 nm in a Spectronic 20 (Bausch
& Lomb), and brought to a final optical density of 0.25 in

a 18 mm x 150 mm test tube.

The labeled glucose employed had a specific activity
of 8.64% me/mM and was obtained from California Corporation
for Biochemical Research (Los Angeles). The cells were
pulsed for 10 min at 30 C in 150 ml flask by mixing 18 ml
of cellular suspension with 2 ml of D-glucose-6-C-1k, The
final activity of labeled glucose was 0.1 4c/ml. The cells
were shaken at 200 rev/min on a New Brunswick model VS
rotary shaker, then filtered through an HAWP (0.4%5 4m)
membrane filter (Millipore Corp., Bedford, Mass.). The
membrane filter was washed with cold 0.05 M Tris-HC1 buffer,
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pH 7.6, dried for 10 min at 80 C, and placed in a vial con-
taining 10 ml of scintillation fluid (0.5% 2,5-diphenyl=~
oxazole (PPO) in toluene). Counting was carried out in a

Beckman DPM 100 Liquid Scintillation System.

Respiration Studies

Oxygen uptake was measured by standard Warburg tech-
niques described by Umbreit et al. (48). Warburg flasks
contained 0.2 ml of 10% KOH (center well), 0.1 ml of 0.1 M
glucose, and 2.7 ml of cell suspension. The flasks were
equilibrated in air and incubated at 30 C with shaking at 36

excursions/min.

Staining Techniques

Fat material was demonstrated by the staining tech-

nique of Conn et al. (14),

Preparation of Lipid Extract

Approximately 4 g (wet weight) of cells of A.

crystallopoietes were placed in a Soxhlet extractor for 24

hr. The solvent system employed consisted of 50% ethyl
alcohol, 49% acetone, and 1% concentrated HCl. After ex-
traction the solvent was evaporated at 80 C and the crude

lipid extract retained.

Kinetic Measurements

Lineweaver-Burk plots were used for the determina-

tion of enzyme K, values and inhibition constants (Ki)
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according to the method of Dixon and Webb (18). In addi-
tion, plots revealed whether inhibition was competitive,
non~-competitive, or mixed.

Substrate-binding site interaction coefficients of
enzymes were determined from the Hill equation,
log [v/(Vy=v)] = n log (S) - log K;. A plot of log
[v/(Vm-v)] as a function of log (S) at various substrate
concentrations gave a straight line of slope n. As de-
scribed by Atkinson et al. (2), the interaction coefficient
(n) is a function of the strength of the interaction between
substrate binding sites, and a function of the number of
substrate binding sites per enzyme molecule. The stronger

the interaction, the greater the value of n.

Chemicals
A1l chemicals employed were obtained through Fischer
Scientific Co., Fair Lawn, New Jersey; Sigma Chemical Co.,

St. Louis, Mo.j; or Calbiochem, Los Angeles, California.



CHAPTER TIT

RESULTS AND DISCUSSION

I. OSpecific Activities of Enzymes

During rod-formation of A. crystallopoietes there

was an observed increase in stainable fat material, and at a
time just prior to rod-fragmentation, there was a disap-
pearance of stainable fat material. Similar results had

previously been found in Nocardia corallina during its

sphere-rod morphogenesis (13). This suggested that fat™
metabolism may play an important role in the morphogenesis
of both organisms. The problem was attacked in A. crystal-
lopoietes by examining enzymes associated with such pathways
as the glycolytic, glyoxylate, pentose cycle, and Krebs
cycle. The stages of the life cycle examined were, Stage I,
germination of coccoidal cells (7 hr)j; Stage II, rod-forma-
tion (12 hr); Stage III, rod-fragmentation (19 hr); Stage
IV, coccoidal growth (30 hr).

It was found that during rod-formation of A. crystal-
lopoietes both the malic enzyme and glucose-6-phosphate

*Fat is defined as any ether soluble material which
upon hydrolysis yields free fatty acids.

12



13

dehydrogenase reached their highest intracellular level
(Figure 1), coincidental with the time of an observed in-
crease in stainable fat material. Both enzymes produce
NADPH and had been shown to have a marked correlation with
increased lipogenesis (26, 37, 47, 57, 61). In many cases
it had also been found that the amount of NADPH produced
from glucose-6-phosphate dehydrogenase was insufficient to
account for complete fat synthesis, and that the required
amount of NADPH could be supplied by the presence of the

malic enzyme (5, 61). When A. crystallopoietes was grown

on a glucose-minimal salts medium without succinate, there
was no rod-formation, only coccoidal growth. Under these
conditions the malic enzyme was completely absent, while the
specific activity of glucose-6-phosphate remained essen-
tially constant. Thus it is suggested that rod-formation of

A. crystallopoietes is closely associated with increased

lirpogenesis.
This idea is supported by the fact that when A,

crystallopoietes was grown on such reduced compounds as

succinate, fumarate, or lactate, all of which can be con-
verted to malate, substrate for the malic enzyme, rod-

formation was induced; yet when A. crystallopoietes was

grown on more oxidized compounds such as oxalacetate (0AA)
or pyruvate, rod-formation was inhibited. Therefore it is
believed that the more oxidized compounds, lacking sut-

ficient reducing power, were unable to produce the required
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Fig.1.--Specific activities of the malic enzyme
and glucose-6-phosphate dehydrogenase as a function of
the growth cycle of Arthrobacter crystallopoietes.
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amount of malate needed for lipid synthesis, and thus were
unable to stimulate either rod-formation or lipogenesis.

During the morphogenesis of many microorganisms,
there appears to be a dependence at a particular stage of
growth upon the utilization of an endogenous reserve ma-
terial as an energy source (58). From measurements of the
endogenous oxygen uptake as a function of the life cycle of

A. crystallopoietes, it was found that during rod-

fragmentation endogenous respiration reached its highest
level (Figure 2). This was also coincidental with the time
of an observed disappearance of stainable fat material.

Upon examination of the specific activity of several
more enzymes as a function of the life cycle of A. crystal-
lopoietes, it was found that lipase reached its highest
intracellular level during rod-fragmentation (Figure 3).
Thus from respiration and lipase specific activity data, it
is suggested that during rod-fragmentation fats are de-
graded and utilized as an internal energy source.

The gluconeogenic enzyme, fructose-1,6-diphosphatase,
was also found to reach its highest intracellular level
during rod-fragmentation (Figure 3). Furthermore it was
demonstrated by means of pulsing experiments with radio-

active glucose (Table 1), that A. crystallopoietes was

relatively impermeable to exogenous glucose during both
rod-formation (Stage II) and rod-fragmentation (Stage III).

Similar results were obtained by the permeability studies
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Fig. 2.--Changes in endogenous respiration
during the growth cycle of Arthrobacter crystallopoietes.
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Fig. 3.--Per cent change in specific activity of
enzymes as a function of the growth cycle of Arthrobacter
crystallopoietes.
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Table 1.--Incorporation of D-glucose-6-C-14 into cells of
Arthrobacter crystallopoietes harvested from
growth on a glucose-minimal salts (GMS)

medium plus succinate.2

CPM of 14C-glucose in-
corporated per ml of

Stage of Growth cells
Rod-formation (12 hr). . . . . . . 350
Rod-fragmentation (19 hr). . . . . 500
Coccoidal growth (30 hr) . . . . . 750

8Cells were harvested at various stages of the life
cycle and pulsed with radioactive glucose in GMS medium.
Cells were shaken for 10 min at 30 C, then collected on
membrane filters, washed, dried, and counted.



22
Krulwich and Ensign (30). In addition, Krulwich et al. (31)
found that the coccoidal cell walls produced during rod-
fragmentation contained much higher concentrations of carbo-
hydrate than the cell walls of rods. Therefore it is sug-
gested that the rate of gluconeogenesis increases during
rod-fragmentation, and can thus provide the necessary carbo-
hydrates needed for both cross-septum and coccoidal cell
wall formation.

The enzyme isocitrate lyase was also found to reach
its highest intracellular level during rod-fragmentation
(Figure 3). Isocitrate lyase is important since it is in-
volved in the direct conversion of fat into carbohydrate
(15, 29). In addition, the enzyme has been shown to be
closely associated with increased rates of gluconeogenesis
(25). 1Isocitrate lyase is lacking in higher organisms, such
as man, and, as a result, these higher organisms are unable
to convert fat directly into carbohydrate (15).

Since during rod-fragmentation there is an increased
rate of fat degradation accompanied by a high level of iso-
citrate lyase, it is believed that the isocitrate lyase can
provide the necessary precursors required for an increased
rate of gluconeogenesis. In addition, fat degradation can
also provide both ATP and NADH necessary to drive many of
the gluconeogenic reactions. The pathway described is de-

picted in the following diagram:
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NADH /////’—EI;ZZylate + Succinate
Y, 2

Fats —> Acetyl CoA

Isocitrate
Lyase
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The NADP enzymes of isocitrate dehydrogenase and
glutamate dehydrogenase were also found to reach their
highest intracellular level during rod-fragmentation (Fig-
ure 3). Therefore it is suggested that both enzymes are
also involved in gluconeogenesis, with glutamate serving as
a gluconeogenic precursor.

It was also found that malate dehydrogenase in-
creased 25% in specific activity during rod-fragmentation
(Stage III), as compared to its specific activity during
rod-formation (Stage II). The increase can be accounted for
by the accelerated rate of gluconecgenesis during rod-
fragmentation in which malate is converted to gluconeogenic
OAA.

The specific activities of the glycolytic enzymes
phosphofructokinase and pyruvate kinase remained essentially
constant throughout morphogenesis. The specific activity of
phosphofructokinase did increase in old cozxcoidal cells,
coincidental with an observed increase in cellular permea-

bility to exogenous glucose. Additionaily, there was found
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to be an increase in the specific activity of phosphogluco~
mutase during rod-fragmentation. This increase can be ex-
plained by the need for glucose-~1-phosphate necessary for
cross-septum and coccoidal cell wall formation.

Since it appears that gluconeogenesis is an active
process during rod-fragmentation, the question was asked
whether or not two major pathways of gluconeogenesis might
exist., The first pathway would involve the conversion of
0AA to phosphoenolpyruvate (PEP), by PEP carboxykinase; the
second pathway would involve the conversion of pyruvate to
PEP, by PEP synthase. In other organisms, both PEP car-
boxykinase and PEP synthase have been shown to be closely
associated with increased rates of gluconeogenesis (7, 11,
43, 61). PEP carboxykinase was demonstratable in extracts

of A, crystallopoietes, while PEP synthase was not demon-

stratable. Results similar to these had previously been

shown for other species of Arthrobacter (10). From the ex-

perimental data it appears that A. crystallopoietes pos-

sesses only one gluconeogenic pathway, that of converting
OAA to PEP.

From changes in specific activity data, which are
probably reflections of induction or repression of enzymes,
there appears to be an increased rate of lipogenesis during
rod-formation, and an increased rate of gluconeogenesis
during rod-fragmentation. Since malate appears to be the

key intermediate in both pathways, a switch must be provided
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in order to convert malate from a lipogenic pathway, to a
gluconeogenic pathway. The switch can be provided, in part,
by a change in specific activity of enzymes associated with
the metabolism of malate. For example, the malic enzyme
(lipogenic) reached its highest intracellar level during
rod-formation, while the more gluconeogenic malate dehydro-
genase was at a relatively low level. Thus lipogenesis was
favored. On the other hand, during rod-fragmentation the
situation was reversed; malate dehydrogenase was at a rela-
tively high level, and the malic enzyme at a relatively low

level. Thus gluconeogenesis was favored.

IT. Effector Control of Enzymes

1. The Effect of Free Fatty Acids

The activity of enzymes can be controlled by means of
small molecular weight molecules called effectors. These
molecules can specifically activate or inhibit key metabolic
enzymes. They have the advantage over other types of regu-
lation in that their effect can be mediated almost instan-
taneously.

Upon examination of the intracellular free fatty

acid (FFA) pool of A. crystallopoietes, it was found that the

relative concentration of FFA reached its highest intracel-
lular level during rod-fragmentation (Figure 4), coincidental
with the increased rate of gluconeogenesis. Therefore the
question was asked whether or not, FFA, in addition to pro-

viding carbohydrate precursors for rod-fragmentation, could
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Fig. 4.--Per cent change in the concentration of
intracellular free fatty acids as a function of the growth
cycle of Arthrobacter crystallopoietes.
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also stimulate the conversion of fat into carbohydrate
through allosteric regulation.
From in vitro experiments it was found that FFA could

selectively inhibit those enzymes of A. crystallopoietes

which were involved in lipogenesis, or opposed to gluconeo-
genesis (Table 2), but not inhibit those enzymes involved in
non-lipogenic processes. Previously it was demonstrated in
other organisms that active lipolysis was accompanied by an-
increased release of FFA (40). This resulted in a reduced
flux of glucose through the glycolytic pathway, and a marked
stimulation of gluconeogenesis (20, 46, 53).

In A. crystallopoietes, FFA were found to competi-

tively inhibit the glycolytic enzymes, phosphofructokinase,
as shown in Figure 5, and pyruvate kinase, as shown in
Figures 6 and 7. The degree of pyruvate kinase inhibition
by FFA, in the presence of substrates PEP and ADP, is empha-
sized in the velocity versus substrate plots of Figures 8 and
9 respectively.

The selective nature of FFA inhibition was demon-
strated by the fact that such gluconeogenic enzymes as
fructose-1,6-diphosphatase were not inhibited by FFA. Addi-
tionally, such bifunctional enzymes as phosphohexoisomerase,
functioning both in glycolysis and gluconeogenesis, and
phosphoglucomutase, were also not inhibited by FFA. Thus it

is suggested that FFA play an important role in the
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Table 2.--Per cent inhibition of enzyme activities of
Arthrobacter crystallopoietes in the presence
of 33 mM sodium octanocate, 2.5 mM sodium
laurate, and 0.67 mM sodium myristate. Knm
values were used for respective substrate
concentrations while all coenzyme concentra-

tions were saturating.

Enzyme Substrate Octanoate Laurate Myristate

Phosphofructo- fructose=~6-

kinase phosphate L5 a a
Glucose-6-

phosphate glucose=6-

dehydrogenase phosphate 58 a a
Malic enzyme malate 30 a a
Pyruvate ADP 100 a a

kinase PEP 58 a a
Lactate |

dehydrogenase pyruvate 58 100 a
Fumarase malate 60 45 68

@precipitation in the reaction mixture precluded
analysis.
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Fig. 9.--Double reciprocal plot of velocity
versus fructose-6-phosphate concentration for phospho-
fructokinase. Assay conditions described in methods.
O, no inhibitorj; 4, 33 mM sodium octanoate.
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Fig. 6.--Double reciprocal plot of velocity
versus phosphoenolpyruvate concentration for pyruvate
kinase. Assay conditions described in methods.

0, no inhibitorj 4, 33 mM sodium octanoate.
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Fig. 7.--Double reciprocal plot of velocity
versus ADP concentration for pyruvate kinase. Assay
conditions described in methods. O, no inhibitorj;
A, 33 mM sodium octanoate.
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Fig. 8.--4 plot of velocity (units) as a function
of phosphoenolpyruvate concentration for pyruvate kinase.
Assay conditions described in methods. O, no inhibitor;
A, 33 mM sodium octanoate.
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Fig. 9.--A plot of velocity (units) as a function
of ADP concentration for pyruvate kinase. Assay conditions
described in methods. ©, no inhibitor; &, 33 mM sodium
octanoate.
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regulation of both glycolysis and gluconeogenesis of A.

crystallopoietes.

FFA were also found to inhibit competitively both
the malic enzyme (Figure 10), and glucose-6-phosphate de-
hydrogenase (Figure 11). This was expected from the fact
that both enzymes can produce NADPH, and, as previously men-
tioned, have a marked correlation with increased lipo-
genecis. Furthermore, inhibition of the malic enzyme by
FFA, and lack of inhibition of malate dehydrogenase by FFA,
provides another switch for shifting malate from a lipogenic
pathway to a gluconeogenic pathway.

NADP isocitrate dehydrogenase, which can also pro-
duce NADPH, was not inhibited by FFA. From specific
activity data (Figure 3) the enzyme appears to be involved
in gluconeogenesis, rather than lipogenesis. Furthermore,
in other organisms NADP isocitrate dehydrogenase had been
shown to have very little correlation with increased lipo-
genesis (21, 37).

FFA did not inhibit the first enzyme of the glyoxy-
late pathway, isocitrate lyase. This was expected from the
fact that isocitrate lyase is involved in the conversion of
fat into carbohydrate, and can thus play an important role
in gluconeogenesis (15). Furthermore, since the glyoxylate
pathway does utilize acetyl CoA, and does compete with a
lipogenic pathway for acetyl CoA (15), isocitrate lyase in-

hibition would not have been expected.
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Fig. 10.--Double reciprocal plot of velocity
versus malate concentration for the malic enzyme.
Assay conditions described in methods. O, no inhibitor;
A, 16.7 mM sodium octanoate.
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Fig. 11.--Double reciprocal plot of velocity
versus glucose-6-phosphate concentration for glucose-6-
phosphate dehydrogenase. Assay conditions described in
methods. ©, no inhibitor; 4, 33 MM sodium octanoate.
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Other enzymes not inhibited by FFA were aconitase
and NADP glutamate dehydrogenzse. From specific activity
data, NADP glutamate dehydrogenase appears to be involved in
gluconeogenesis (Figure 3).

It was also found that the Krebs cycle enzyme
fumarase was competitively inhibited by FFA (Figure 12). An
explanation for the inhibition was provided by Weber et al.
(59), in which it was stated that inhibition of fumarase
could prevent a "leaking back" of malate into fumarate.

This in turn would allow malate a chance to stimulate gluco-
neogenesis by providing an available source of OAA.

During the FFA inhibition studies, it was found that
the longer chain FFA of sodium laurate and sodium myristate,
could bring about enzyme inhibition at a much lower molar
concentration than the shorter chain FFA, sodium octanoate
(Table 2). Thus, in vivo, the longer chain FFA may be the
actual mediator of the effect of selective enzyme inhibition.
Sodium laurate and sodium myriétate were omitted from inhi-
bition studiés in which Mg++ or Mo were required for
enzyme activity. This was due to the fact that a precipitate
was formed between metal ion and FFA which prevented any
quantitation of enzyme reaction. Therefore sodium octanoate
(short chain FFA) was used for most of the FFA inhibition
studies. It must be noted that even though the concentra-

tion of octanocate used in vitro was relatively high, this
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Fig. 12.--Double reciprocal plot of velocity
versus malate concentration for fumarase. Assay con-
ditions described in methods. O, no inhibitor;
®, 33 mM sodium octanoate;A, 2.5 mM sodium laurate;
X, 0.67 mM sodium myristate.
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concentration could easily be achieved by assuming compart-
mentation within the bacterial cell.

A1l enzymes, except one, which were selectively in-
hibited by FFA, were inhibited in a competitive manner. The
exception was lactate dehydrogenase which was inhibited in a
non-competitive manner by FFA (Table 3). The K1 values of
lactate dehydrogenase for FFA were about 10-fold higher than
the KI values calculated for other FFA inhibited enzymes
(Table 3). Therefore, FFA inhibition of lactate dehydro-
genase may be the result of non-specific detergent effect,
and not the result of selective enzyme inhibition.

A crude 1lipid extract obtained from washed cells

of A. crystallopoietes was found to produce essentially the

same type of selective inhibition of bacterial enzymes as
did FFA. This experiment was performed only to demonstrate
that a naturally occurring lipid product from a bacterial
cell could be of some physiological significance as a pos-
sible control mechanism. No attempt was made to Quantitate
the extract or to determine its composition.

From the experimental data it is suggested that FFA
can play an important role in the control of morphogenesis

of A. crystalloporetes through the regulation of the activ-

ity of enzymes involved in the metabolism of fats and carbo-

hydrates.




Table 3. Kinetic data obtained from enzymes of Arthrobacter crystallopoietes
inhibited by FFA. Values for Km and Ky of enzymes and the type of
inhibition [competitive (C) or non-competitive (NC)] produced by
the effect of FFA are obtained from Lineweaver-Burk plots.2

Octanoate Laurate Myristate

Km K1 K1 Kt
Enzymes Substrate mM mM
Phosphofructokinase fructose-6-
phosphate 1.0 20.0(C) b b
Glucose-6-phosphate glucose-6-
dehydrogenase phosphate 3.k 36.0(C) b b
Malic enzyme malate 0.60 6.7(C) b b
Pyruvate kinase ADP | 0.22 3.7(C) b b
Lactate dehydro-
genase pyruvate 28.0 200.0 24,0 b
(NC) (NC)
Fumarase malate 2.0 23.0(C) 1.8(C) 0.16 (C)

6h

@RFA concentrations employed were 33 mM sodium octanoate, 2.5 mM
sodium laurate, and 0.67 mM sodium myristate. For lactate dehydrogenase
0.67 mM sodium laurate was used instead of 2.5 mM concentration.

bPrecipitation in the reaction mixture precluded analysis.
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2. Implications of Glutamate as a
Gluconeogenic Precursor

From specific activity data it was found that NADP
glutamate dehydrogenase reached its highest intracellular
level during rod-fragmentation, coincidental with the time
of an apparent increase in gluconeogenesis. Previously it
had been suggested by Wright (58, 59), that during the

morphogenesis of the slime mold Dictyostelium discoideum,

that glutamate was converted to carbohydrate via glutamate
dehydrogenase. Furthermore, for other organisms, both
glutamate and glutamate dehydrogenase had been shown to be
closely associated with increased gluconeogenesis (16, 53).
The NADP glutamate dehydrogenase isolated from 4.

crystallopoietes was found to have an extremely high K, for

substrate glutamate (75 mM). In order for the enzyme to

convert glutamate to oK-ketoglutarate in vivo, an extremely
high intracellular concentration of glutamate would be re-
quired. From an investigation of the free amino acid pool

of A. crystallopoietes, this requirement appears to met in

that high concentrations of glutamate were found to be
present at all stages of growth. In fact over 95% of the
entire free amino acid pool appeared to be present as gluta-
mate. In addition, the NADP glutamate dehydrogenase iso-
lated from N. corallina was also found to have an extremely
high Ky for glutamate (80 mM). Furthermore, as was found

to be the case for Arthrobacter, Hittle (24) found in N.

corallina an extremely large quantity of glutamate in the
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free amino acid pool. As previously mentioned, both organ-
isms do undergo sphere-rod morphogenesis.

From kinetic experiments as shown in Figures 13 and
14, it was found that FFA specifically activated glutamate
dehydrogenase by lowering the apparent K, of the enzyme for
substrate glutamate. In addition, it was found that FFA also
decreased the substrate binding site interaction of the
enzyme as shown by the Hill plot in Figure 15. Davis and
Gibson (16) showed in the perfused rat liver that fatty acids
could stimulate liver glutamate dehydrogenase activity. The
proposed mechanism was an uncoupling of oxidative phos-
phorylation by fatty acids, which in turn produce an in-
creased concentration of substrate NADP. The explanation
seems incomplete in that no experiments were carried out to
test the direct effect of fatty acids on the enzyme itself.

From the high levels of glutamate, glutamate dehydro-
genase, and FFA found to be present at the time of rod-
fragmentation, and the fact that FFA can stimulate glutamate
dehydrogenase activity, it is suggested that both glutamate
and glutamate dehydrogenase are involved in active gluco-

neogenesis during rod-fragmentation of A. crystallopoietes.

It is also suggested that the combined action of
NADP glutamate dehydrogenase, and NADP isocitrate dehydro-
genase, can stimulate gluconeogenesis during rod-
fragmentation by catalyzing the conversion of glutamate to

k-ketoglutarate, followed by conversion to isocitrate. The
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Fig. 13.--A plot of velocity (units) as a function
of glutamate concentration for NADP glutamate dehydro-
genase. Assay conditions described in methods. ©, no
activator; A, 33 mM sodium octanoate.




UNITS

30

20

10

NADP GLUTAMATE DEHYDROGENASE

CGLUTAMATE] mM

80
A 33 mM octanoate /
O control A
/ (0)
A
/A //0
A/o
e
0 2 40 60 80 00 120 140

€5



Sk

Fig. 14.--Double reciprocal plot of velocity
versus glutamate concs:siy..iisn for NADP glutamate dehydro-
genase. Assay conditions described in methods. ©, no
activator; &, 33 mM sodium octanoate.
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Fig. 15.--Hill plot of NADP glutamate dehydro-
genase with respect to substrate glutamate. A slope or
interaction coefficient (n) of 2.0 was obtained in the
absence of sodium octanoate, but decreased to 1.5 in the
presence of 33 mM sodium octanoate. Assay conditions
described in methods. O, no activator; 4, 33 mM sodium
octanoate.
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resulting isocitrate can then be channeled through the gly-
oxylate pathway to carbohydrate. The resulting gluconeogenic
sequence would be: glutamate—y O(—ketog.lutarate—_;
isocitrate—) glyoxylate pathway-—) carbohydrate.

Only the NADP dependent glutamate and isocitrate
dehydrogenases have been detected in extracts of A. crystal=-
lopoietes. No NAD dependent glutamate and isocitrate dehy-
drogenases have been detected. The NADP dependent isocitrate
dehydrogenase can catalyze the conversion of e{-ketoglutarate
to isocitrate (the gluconeogenic direction), a conversion
not possible with the NAD dependent enzyme (38). In addi-
tion the NAD dependent isocitrate dehydrogenase isolated
from other organisms has been found to be under adenylate
control, and shown to play an important role in the regula-
tion of energy metabolism (2). The NADP dependent iso-

citrate dehydrogenase isolated from A. crystallopoietes was

found not to be affected by either ATP, ADP, or AMP in
concentrations up to 10 mM. This suggests that the NADP

dependent isoci*rate dehydrogenase of A. crystallopoietes is

not involved in the regulation of energy metabolism.

Since NADP isocitrate dehydrogenase reached its
highest intracellular level during rod-fragmentation, and
was not inhibited by FFA, it is believed that the enzyme does
play an active role in gluconeogenesis during rod-
fragmentation. The idea is also supported by the studies

of inhibition of isocitrate dehydrogenase by OAA and
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glyoxylate. It was found that 10 mM of OAA or glyoxylate,

separately, would not inhibit isocitrate formation from
eo-ketoglutarate (gluconeogenic direction), but when mixed
together in concentrations of 0.67 mM OAA, and 0.67 mM gly-
oxylate, would competitively inhibit the enzyme in a con-
certed or synergistic fashion (Figure 16). The calculated
K1 value for the concerted inhibition was 1.1 mM. Therefore
OAA and glyoxylate acting together synergistically could be-
come a feedback inhibitor of both isocitrate formation and
gluconeogenesis.

For the reverse reaction, formation of a-ketoglutarate
from isocitrate (non-gluconeogenic direction), it was found
that OAA or glyoxylate, separately, in concentrations up to
3 mM, would not inhibit enzZyme activity. Yet when the two
compounds were mixed in concentrations as small as 0.125 mM
OAA, and 0.125 mM glyoxylate, a concerted type of competitive
inhibition was found to occur (Figure 17). The calculated Kp
for the inhibition was 5.5 mM, considerably smaller than the
calculated K1 value of 1.1 mM for the reverse reaction.

Therefore at relatively low concentrations of gly-
oxylate and OAA, the reaction is inhibited in the non-
gluconeogenic direction (Kk-ketoglutarate formation), whereas
the reaction in the gluconeogenic direction (isocitrate
formation) is not inhibited. Since low concentrations of
glyoxylate and OAA would be present during the initiation of

gluoconeogenesis, it would be desirable to inhibit the
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Fig. 16.--Double reciprocal plot of velocity
versus o-ketoglutarate concentration for NADP isocitrate
dehydrogenase. Assay condlitions described in methods.
0, no inhibitor; 4, 0.67 mM glyoxylate plus 0.67 mM
oxalacetate. Separately, 10 mM of glyoxylate or oxal-
acetate produced no inhibition of enzyme activity.
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Fig. 17.--Double reciprocal plot of velocity
versus isoritrate concentration for NADP isocitrate de-
hydrogenase. Assay conditions described in methods.

0, no inhibitor; &, 0.125 mM glyoxylate plus 0.125 mM
oxalacetate. ©Separately, 3 mM of glyoxylate or oxal-
acetate produced no inhibition of enzyme activity.
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reaction in the non-gluconeogenic direction. The inhibition
would prevent any "leaking back® of newly formed isocitrate
into &K-ketoglutarate, and thus would stimulate gluconeo-
genesis.

On the other hand, when glyoxylate and OAA reached
a higher concentration during active gluconeogenesis, it
would be advantageous to control the rate of gluconeogenesis
and isocitrate formation by means of feedback inhibition.
This appears to be the case in that at higher concentra-
tions of glyoxylate and OAA, isocitrate formation is in-
hibited.

Control of gluconeogenesis by the regulation of NADP
isocitrate dehydrogenase is made possible by the more than
200-fold difference in the ratios of Ky values for the con-
certed inhibitions by glyoxylate and OAA, Thus at relatively
low concentrations of glyoxylate and OAA, gluconeogenesis 1is
stimulated, whereas at relatively high concentrations of
glyoxylate and OAA, gluconeogenesis is inhibited. This type

of control is shown in the following diagram.

Initiation and stimulation Feedback inhibition
of gluconeogenesis of gluconeogenesis
carpghydrate carbohydrate
glyoxylate + OAA glyoxylate + OAA
(lochoncn.) (high concn.
isocitrate isocitrate

¥ f

K-ketoglutarate o-ketoglutarate
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Many of the NADP isocitrate dehydrogenases isolated
from other organisms have also been shown to have a corre~
lation with increased gluconeogenesis (53). Furthermore,
oxidation of glutamate to of-ketoglutarate, followed by re-
duction to isocitrate, would also allow the possibility of
an NADP oxidation-reduction cycle as shown in the following

diagram.

isocitrate———— glyoxylate——m—nou-—y gluconeogenesis

A pathway
\ NADP
/| naper
002
fﬂ;ketg- &— glutamate
glutarate

3. Other Effector Molecules

Phosphoenolpyruvate, a gluconeogenic precursor and
end product of the glyoxylate pathway, was found to inhibit
isocitrate lyase in a competitive fashion (Figure 18). Thus
during gluconeogenesis accumulated PEP could be functioning
as a feedback inhibitor. Further regulation of the gluco-
neogenic pathway was also demonstrated by the non~competitive
inhibition of fructose-1,6-diphosphatase by AMP (Figure 19).

In higher animals it has been found that L-alanine

can be utilized as a gluconeogenic precursor, first by being




66

Fig. 18.--Double reciprocal plot of velocity
versus isocitrate concentration for isocitrate lyase.
Assay conditions described in methods. ©, no inhibitor;
4, 33 nM phosphoenolpyruvate.
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Fig. 19.--Double reciprocal plot of velocity
versus fructose-1,6-diphosphate concentration for
fructose-1,6-diphosphatase. Assay conditions described
in methods. ©, no inhibitor; A, 10 mM AMP.
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transaminated to pyruvate, then carboxylated to OAA (54).
Thus the question was asked whether or not L-alanine could

also serve the same function in A. crystallopoietes during

rod-fragmentation. From inhibitor studies it was found that
FFA could inhibit alanine ex-ketoglutarate transaminase in a
competitive fashion (Figure 20). Since FFA are released
during rod-fragmentation, and found to inhibit alanine
transaminase, it is suggested that L-alanine is not a gluco-
neogenic precursor during rod-fragmentation. The idea is
further supported by the fact that L-alanine was unable to

inhibit pyruvate kinase activity of A. crystallopoietes. If

the amino acid was gluconeogenic, pyruvate kinase inhibition
would have been expected in order to prevent unnecessary
recycling of PEP during gluconeogenesis. For example, in
rat liver, where alanine is gluconeogenic, the amino acid
does inhibit pyruvate kinase; whereas in rat muscle, where
alanine is non-gluconeogenic, the amino acid does not inhibit
pyruvate kinase (54). The pyruvate kinases of liver and

muscle are probably isozymes.

4, The Phosphofructokinase of
A. crystallopoietes

Glucose was found to be a poor substrate for growth

of A. crystallopoietes, and enzymes such as phosphofructo-

kinase (PFK), involved in metabolism of glucose, are be-
lieved to serve primarily a biosynthetic role, rather than a

key role in the regulation of energy metabolish (30). In
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Fig. 20.--Double reciprocal plot of velocity
versus alanine concentration for alanine &-ketoglutarate
transaminase. Assay conditions described in methods.

0, no inhibitor; @, 16.7 mM sodium octancate; &, 1.0 mM
sodium laurate.



ALANINE a-KETOGLUTARATE TRANSAMINASE

AY
16} .I
— A
° A.' 0
'—
= IZf- / o P
) o /
o - A 0
> 29 O/ ® 6.7 mM octanoate
; 4 od’ A 1.OmM laurate
O control
N S ST E—— — | MU W—
o) A 2 3 4 S5 6

[ALANINE], mm~} x 107!

el




73

addition, succinate, amino acids, and fatty acids appear to
provide the main source of energy for the morphogenesis of

A. crystallopoietes (30).

Phosphofructokinase isolated from plant, animal, and
bacterial sources has been found to be a highly regulated
enzyme, closely associated with the control of cellular
energy metabolism (50, 52). An example of such regulation is
demonstrated by the response of PFK to adenylate or energy
charge control (1, 3), and its response to such allosteric
effectors as citrate, PEP, and NHﬁ (27, 49, 50).

The PFK isolated from A. crystallopoietes was found

to follow simple Michaelis=-Menten kinetics with respect to
substrate fructose-6-phosphate, and demonstrated no sigmoidal
kinetics, a characteristic often associated with regulatory
enzymes. Furthermore, the enzyme appeared to lack any kind
of adenylate or energy charge control. Enzyme activity was
not inhibited by excess ATP (10 mM), nor affected by ADP,
AMP, or 3',5'-(cyclic)=-AMP in concentrations up to 10 mM.

In addition, enzyme activity was neither inhibited by citrate
(10 mM) or PEP (10 mM), nor activated by NH; (10 mM). From
a Hill plot of PFK as shown in Figure 21, an interaction
coefficient of 1.0 (n=1.0) was obtained suggesting the lack
of interaction between substrate binding sites, or lack of
homotropic cooperativity (9).

The PFK of A. crystallopoietes was different from

PFK isolated from other microbial sources in that the
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Fig. 21.--Hill plot of phosphofructokinase with
respect to substrate fructcse-é-phosphate. A slope or
interaction coefficient (n) of 1.0 was obtained. Assay
conditions described in methods.
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enzyme followed simple Michaelis-Menten kinetics and appeared
to lack an extensive type of regulation. ©Since glucose 1is
not the main source of energy during the morphogenesis of

A. crystallopoietes, perhaps the PFK of A. crystallopoietes

has very little to do with the regulation of its own energy
metabolism. This could explain the lack of response of PFK
to adenylate or energy charge control, and the lack of re-
sponse to other effectors such as citrate, PEP, and NHz. If
energy regulation occurred at sites other than PFK during
morphogenesis, then one might expect a relatively simple
type of PFK rather than a highly regulated PFK. The idea is
further supported by the fact that Bauman and Wright (6) had

recently isolated a PFK from Dictyostelium discoideum which

was found to be weakly regulated, and followed simple
Michaelis-Menten kinetics. A common characteristic of both

A. crystallopoietes and D. discoideum is that during morpho-

genesis each organism utilizes fats or proteins as an
internal energy source, rather than exogenous glucose. Thus
the need for a highly regulated PFX to help control energy

metabolism during morphogenesis of A. crystallopoietes may

be totally unnecessary.

IIT. A Model to Explain Some of the
Underlying Molecular Events of
Sphere-Rod Morphogenesis of
A, crystallopoietes

From the experimental data a model has been pro-

posed to explain on a molecular level the underlying events
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associated with the sphere-rod morphogenesis of A. crystal-
lopoietes. The model is mainly concerned with two stages of
growth, rod-formation and rod-fragmentation.

During rod-formation succinate is converted to
malate, which in turn is oxidized by the malic enzyme pro-
viding the precursors for increased lipogenesis. A diagram
of the chain of events is shown in Figure 22.

During rod-fragmentation accumulated fats are
utilized as an internal energy source, and provide along with
glutamate, necessary carbohydrate precursors for cross=-
septum and coccoidal wall formation. Furthermore, during
rod-fragmentation active gluconeogenesis can supply the in-
creased amounts of serine and glycine found to be present
in the walls of coccoidal cells (31). A diagram of the chain
of events is shown in Figure 23.

As a result of the shift in metabolism from in-
creased lipogenesis during rod-formation, to increased
gluconeogenesis during rod-fragmentation, the question was
asked, what compound might act as a triggering mechanism. A
likely candidate is 3',5'-(cyclic)-AMP. Cyclic AMP has
already been identified as the active component which ini-
tiates the morphogenesis of D. discoideum (28), and has
been shown to be the chemical messenger in the stimulation
of gluconeogenesis in rat liver (60). In addition, cyclic
AMP has been implicated in the activation of lipolysis of

rat 1liver by stimulating lipase activity (56). Therefore,
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just prior to rod-fragmentation perhaps a critical concen-
tration of cyclic AMP accumulates and is thus able to

initiate rod-fragmentation.



79

Fig. 22.--A diagram depicting the pathways re-
sponsible for the increased rate of lipogenesis during
rod-formation of Arthrobacter crystallopoietes.
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Fig. 23.--A diagram depicting the pathways re-
sponsible for the increased rates of lipolysis and
gluconeogenesis during rod-fragmentation of Arthrobacter
crystallopoietes.
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CE -t IV

SUMMARY

A. crystallopoietes undergoes sphere-rod morpho-

genesis when grown on a glucose-minimal salts medium plus
succinate. Characteristic changes in the specific activity
of a number of enzymes and metabolites were found as a func-
tion of the life cycle of the organism. For example, during
rod-formation there was found to be an increase in the spe-
cific activity of glucose-6-phosphate dehydrogenase and the
malic enzyme, while during rod-fragmentation there was an
increase in specific activity of isocitrate lyase, lipase,
fructose-1,6-diphosphatase, NADP isocitrate dehydrogenase,
and NADP glutamate dehydrogenase.

The effect of various allosteric modifiers on en-
zymatic activity was also determined. It was found that FFA
could selectively inhibit those enzymes involved in gly-
colysis or lipogenesis, but not inhibit those enzyme involved
in gluconeogenesis. It was also found that glyoxylate and
OAA could produce a concerted inhibition of NADP isocitrate
dehydrogenase which could be of regulatory significance. In
addition, it was found that glycolytic enzyme,

83
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phosphofructokinase, followed simple Michaelis-Menten kinet-
ics, and lacked extensive allosteric regulation. The enzyme
was thus considered not to play a key role in the regulation
of cellular energy metabolism,

Finally, from the experimental data a molecular model
was proposed to explain some of the underlying events which
are believed to occur during the sphere-rod morphogenesis of

A. crystallopoietes.
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